, alfalfa (Medicago sativa L.) has been widely planted in the Ningxia central area. Because decrease in the availability of Yellow River water and the high cost of pumping irrigation, selection of alfalfa cultivars with high water use efficiency (WUE) has become an urgent requirement in this area.
The measurement of WUE (the ratio of the dry matter accumulation to evapotranspiration [ET] ) in the field uses a field water balance formula, which is laborious, time consuming, and inefficient and is often influenced by groundwater recharge, soil infiltration, and deep drainage (Xie, 2001) . Fortunately, carbon isotope discrimination (D), which can be easily measured by isotopic mass spectrometry, has been proposed as an indirect indicator to evaluate yield or transpiration efficiency (TE, defined as the ratio of dry matter produced to water transpired), which is an important component of WUE in C 3 plants like alfalfa (Ehleringer et al., 1993; Condon et al., 2002; Moghaddam et al., 2013) . Plants discriminate against the heavy isotope of carbon ( 13 C) during photosynthesis, which leads to a depletion of 13 C in the plant organic matter compared with atmospheric CO 2 . In C 3 species, D was found to be positively correlated with C i /C a , the ratio of internal leaf CO 2 concentration to ambient CO 2 concentration. The variation in D results from the variation in both stomatal conductance (G s ) and photosynthetic capacity (Condon et al., 1987) . High net photosynthetic rate or low G s results in an increase in WUE and decrease in leaf intercellular CO 2 (C i ) and D. Therefore, there should be a negative relationship between WUE and D (Farquhar et al., 1982; Farquhar and Richards, 1984; Moghaddam et al., 2013) .
There have been numerous field studies that have examined the association between yield and D in cereals and alfalfa in rainfed and irrigated environments. In postanthesis stress scenarios, the relationship between D and grain yield is significantly positive and stable across environments in cereals (Ansari et al., 1998; Araus et al., 1998; Voltas et al., 1999; Xu et al., 2007; Zhu et al., 2010) . Positive correlation between D and dry matter yield has also been reported among alfalfa germplasms under irrigated condition (Ray et al., 1998 (Ray et al., , 1999 Moghaddam et al., 2013) . Under rainfed conditions, the relationship between D and yield varies highly depending on rainfall amount and distribution, and the quantity of water stored in the soil at sowing for wheat (Triticum aestivum L.) (Xu et al., 2007; Zhu et al., 2008b ). Significant and negative association between leaf D and WUE has been reported for alfalfa in dryland environments (Johnson and Tieszen, 1994) , whereas positive relationships between D and WUE have also been observed in three Mediterranean environments (Pozo et al., 2017) or both irrigated and rainfed conditions in Austria (Moghaddam et al., 2013) .
During photosynthetic CO 2 fixation, there is a C isotopic fractionation associated with the metabolic processes following carboxylation in leaf tissues (Badeck et al., 2005; Gessler et al., 2008) . Remarkable differences among d 13 C of different plant organs that have been documented for organic matter or specific biochemical substances cannot be totally explained by varying isotopic signature of assimilates produced at different times and have be taken as an indication of post-photosynthetic discrimination (Badeck et al., 2005) . On average, the whole plant tissue was reported to be depleted in 13 C relative to starch, sucrose pools, or water-soluble carbohydrates (Ocheltree and Marshall, 2004; Badeck et al., 2005) . According to the review of Badeck et al. (2005) , cellulose is more isotopically depleted than starch and sugars. An apparent respiratory fractionation on whole shoots and roots of sunflower (Helianthus annuus L.), perennial ryegrass (Lolium perenne L.), and alfalfa has been found (Klumpp et al., 2005) . Respiratory CO 2 of whole shoots was enriched by 1.06 to 5.64% relative to organic mass, whereas the respiratory CO 2 of whole roots was depleted by 0.46 to 5.39% relative to organic mass accounting partly for higher d 13 C in roots than shoots (Badeck et al., 2005) . Considering that the aboveground shoot is a pool of various compounds (cellulose, lignin, lipid, protein, sugars, and starch) with different isotopic signatures, the association between D of leaves or aboveground shoots and WUE would be complicated, and D in leaf water-soluble carbohydrates (Δ WSC ) would be better when using D to identify WUE of different plant individuals. In addition, alfalfa uses more water in the flowering stage than other stages (Fan et al., 2003) . Therefore, we hypothesize that measuring D WSC at the flowering stage might be much more important for estimating long-term WUE, whereas high D in aboveground shoots (D AGS )-which might result from such the multiple effects as more carbon stores in stem produced during less stressed periods, high respiration rates, and greater stem/leaf weight ratios (R S/L ) with higher content of cellulose (with high D value)-is likely to associate with high aboveground biomass (AGB). However, most of published studies have mainly focused on D of the organic matter in aboveground parts (Johnson and Tieszen, 1994; Moghaddam et al., 2013; Pozo et al., 2017) , masking some critical growth phases relative to long-term WUE, and have not considered the effect of timespan on the relationship between D and WUE. In this study, 10 alfalfa genotypes with varied genetic backgrounds were planted under three water conditions in the Ningxia central desert steppe. The objectives were (i) to determine the AGB, WUE, D AGS , and D WSC for different alfalfa genotypes under different water conditions; (ii) to study the effects of water conditions on AGB, WUE, and D; and (iii) to analyze the association of D in different plant parts with AGB and WUE under different water conditions.
MATERIALS AND METHODS

Plant Material
Ten alfalfa genotypes with different origins were used in this experiment (Table 1) . temperature is 8.7°C with 165 to 183 frost-free days. The rainfall and air temperature from January to October in 2012 and 2013 are shown in Fig. 2 
Experiment Design
The experimental design was a split-plot design with water treatment in the main plot and cultivar in the subplot. The area of plot was 16 m 2 (4 ´ 4 m) with three replicates (Fig. 3) . In each replicate, 10 alfalfa genotypes grew in three water treatments corresponding to severe (T 1 ), intermediate (T 2 ), and mild (T 3 ) drought stress. The total amount of irrigated water during the whole growth period was 230 mm for T 1 , 460 mm for T 2 , and 700 mm for T 3 . Sprinkling irrigation was applied every 10 d. The applied water amount was recorded using water flowmeters fixed at the beginning of pipes in each treatment. Sowing was conducted on 25 May 2011, with spacing of 30 cm and of 15.0 kg seed ha −1
. After emergence, weeds were eliminated manually. Diseases and pests were controlled by chemical methods.
Experimental Site Description
This experiment was performed in Sunjiatan developing zone (37°28¢ N, 106°10¢ E; 350 m asl), Wuzhong, Ningxia Hui Autonomous Region, China (Fig. 1) . The climate is continental temperate semiarid with warm summers and cold winters. The average annual precipitation is ?277 mm, of which 72% falls from July to September. The potential annual ET is 1300 to 2300 mm. Average annual mean 
Measurement
Aboveground Biomass
The aboveground shoots of alfalfa were cut by hand on three dates (16 June, 1 August, and 4 October) using a sickle leaving 5 cm of stubble in each plot when >50% plants flowered. Aboveground biomass (t ha ) was adjusted to a dry matter basis by subsampling fresh shoots whose fresh weight was obtained in the field from 0.5 m 2 of the plots at each harvest. The sample was dried at 65°C for 48 h in an air-circulating oven, and the ratio of dry weight to fresh weight was calculated. The dry weight of sampling plot was then obtained by multiplying fresh weight with the ratio of dry/fresh weight. The R S/L on dryweight basis was obtained on dehydrated aboveground shoots. Plant height (PH) was measured on eight shoots randomly at branching stage 15 d prior to the flowering stage.
Carbon Isotope Discrimination
Carbon isotope discrimination was analyzed in leaf watersoluble carbohydrates at the beginning of the flowering stage (on 5 June, 17 July, and 17 September, respectively) and in aboveground shoots after cutting (on 16 June, 1 August, and 4 October, respectively) for each harvest. In total, 10 aboveground shoots and 60 fully expanded upper leaves per plot were randomly collected at the flowering stage on two replications for each genotype. The samples were then dried at 65°C for 48 h. The dehydrated samples were then ground into fine powder and sifted by a screen of 0.15 mm in size. Samples of each replicate per genotype were carefully mixed in equal weights, to constitute a bulk sample. To determine D of leaf recent photosynthetic product, leaf water-soluble carbohydrates were extracted. The method for extracting water-soluble carbohydrates was referred to that described by Zhu et al. (2009) . Leaf powder samples of 150 mg were added into 10-mL centrifuge tubes and incubated at 80°C for 30 min in 5 mL solution of 80% ethanol (v/v). After cooling, the tube was centrifuged at 4000 rpm and the supernatant was collected into a 20-mL tube, and the extraction was repeated three times. The supernatant was transferred into a measuring flask. The volume of solution was adjusted to 25 mL by adding distilled water. Finally, the solution was poured into an evaporating dish and dried at 45°C in an air-dry oven. The crystals of carbohydrates were then collected. Carbon isotope composition (d 13 C) was determined on 1-mg samples with an isotopic ratio mass spectrometer (Model Thermo Finnigan). Results were expressed as
where R is the 13 C/ 12 C ratio of the sample (R sample ) and the standard (R standard ). A secondary standard (potato starch) calibrated against Pee Dee Belemnite (PDB) carbonate was used for comparison. Carbon isotope discrimination was calculated using the following formula (Farquhar et al., 1989) :
where d 13 C plant is the d 13 C of the sample and d 13 C air is the d 13 C of atmospheric CO 2 . On the PDB scale, atmospheric CO 2 has a current deviation of approximately −8% (Farquhar et al., 1989) .
Soil Water Content
Volumetric soil water content was determined with a soil moisture meter (TDR HD2, IMKO Micromodultechnik). For measuring volumetric water content, a probe was inserted into a 200-cm plastic pipe, which was buried vertically in the middle of May, the soil water contents under T 1 and T 2 obviously increased compared with those in March and declined slightly under T 3 .
Interaction Effects of Genotype and Water Treatment on Tested Traits
There were no significant interaction effects of year, genotype, and water treatment for D AGS , D WSC , G s , or C i /C a , and no significant year ´ genotype interactions were found for P n . Significant year ´ treatment and year ´ genotype interactions were found for D AGS , but not for D WSC . There were no treatment ´ genotype interactions for D AGS and D WSC (Table 2) .
Generally, more water input increased the values of the traits tested except for WUE and P n /G s . In 2012, the each plot in advance (Fig. 3 ). Readings were recorded at intervals of 20 cm in the 0-to 200-cm soil profile. Measurements were made at the beginning of growth period and before each harvest.
Water Use Efficiency
Since the groundwater table for our experimental site was very deep and the runoff was also negligible, the ET of each plot was calculated by the following simplified equation: ET = P + I + Dw. In the equation, P, I, and Dw are the precipitation, irrigation amount, and change in the water content in the 2-m soil profile during the period between the two successive harvests. The WUE was then obtained as follows: WUE = AGB/ET.
Photosynthetic Gas Exchange Parameters
Single-leaf gas exchange rates were measured with a Ciras-1 infrared gas analyzer (PP Systems) on the upper portion of leaves covering an area of 1.7 cm 2 . The measurements were made on the fully developed leaves at flowering stage for each genotype. Leaves were maintained at right angles to intercept solar radiation. Net photosynthesis (P n ), transpiration rate, G s , and C i /C a were provided by the apparatus. Single-leaf intrinsic WUE was calculated as P n /G s . Six measurements were made per plot.
Statistics Analysis
The effects of water treatment, genotype, and year on the measured agronomic and physiological characters and their interactions were tested using factorial ANOVA and GLM procedures (SAS Institute, 2004) , where the P values were considered statistically significant at the 0.05 level. 
RESULTS
Growth Conditions in the Experimental Site
In 2012, the rainfall was 309.2 mm during growth season from April to October, which mainly fell in June, July, and August, accounting for 22.8, 15.1, and 21.7% of the annual precipitation, respectively. The lowest air temperature was recorded as −24.2°C in January, and the highest was 33.4°C in June. In 2013, the rainfall was 112.7 mm from April to October, of which 72.5% fell in June, July, and August. The lowest air temperature was −23.0°C, occurring in January, and highest was 32.9°C in July (Fig. 2) .
As shown by Fig. 4 , the ranking of soil water content in the 0-to 200-cm soil profile was T 3 > T 2 > T 1 during different growth periods in 2012 and 2013. In 2012, the soil water content under the three treatments differed significantly on 30 March, 5 June, and 31 July. The soil water contents were the highest in March, decreased slightly in May, and increased in July. The lowest content was recorded in October. In 2013, the soil water content under the three treatments differed significantly on 30 March and 31 July. The soil water contents increased from March to July and decreased markedly in November. In highest WUE was found under T 2 , which was 6.86% higher than that under T 1 and 25.04% higher than that under T 3 . The ranking of P n /G s between three treatments was T 1 > T 2 > T 3 . TheD AGS in T 2 and T 3 were 0.46 and 0.81‰ higher than that in T 1 , whereas the values of D WSC under T 2 and T 3 were 0.67 and 1.23‰ higher than that under T 3 . We noted larger differences in D AGS and D WSC among treatments in 2013 than in 2012. Greater WUE and P n /G s were found in 2013 than in the previous year, whereas other traits decreased in 2013 to some extent (Table 3) .
Slightly higher values of D WSC than D AGS were noted under T 2 and T 3 in 2012, whereas a reverse trend was found in 2013 ( Table 2 . Significance level for the fixed effects and their interactions across 2 yr and three treatments according to threefactor ANOVA. were observed during the first and second harvests, whereas the opposite was recorded for the third harvest (Fig. 5 ).
There were significant genotypic differences in (Table 4) .
Relationships among Tested Traits
Significantly and positively correlations were observed between AGB and D AGS under T 1 , T 2 , and T 3 (Fig. 6a-6c) . When the data of three treatments were pooled, the correlation between the two traits was also significant with r = 0.540.
The D WSC was observed to correlate negatively with WUE under T 2 and T 3 (Fig. 7b and 7c) . When the data of three treatments were pooled, there was a significant and negative correlation between WUE and D WSC (r = −0.330).
Aboveground biomass showed significant and positive relationship with PH, ET, G s , and P n . Stronger association was noted between AGB and ET when water irrigation amount increased. Water use efficiency was correlated with PH, ET, and G s under T 1 and T 2 , whereas WUE was found to significantly correlate with PH and C i /C a under T 3 . Generally, D ABS and D WSC displayed positive correlations with ET, G s , C i /C a , and P n and a negative relation with P n /G s. The D ABS was positively and significantly related to PH under three water treatments. The C i /C a exhibited significant and positive correlations with G s and P n under T 2 and did not correlate with P n under T 3 . The R S/L showed significant and positive association with AGB under all the three treatments and only correlated with D AGS under T 1 and T 2 . A positive relationship between R S/L and PH was also noted under T 3 (Table 5) . Fig. 5 . Averaged values of carbon isotope discrimination in aboveground shoots (DABS-1, DABS-2, and DABS-3) and leaf water-soluble carbohydrates (DWSC-1, DWSC-2, and DWSC-3) during the first, second, and third harvests across the 2 yr, respectively. The means not sharing any letter on top of the bars are significantly different by the Duncan test at the 0.05% level of significance. Significant differences in soil water content, especially during the beginning and middle growth season, resulting from varied irrigation amount induced significant differences in AGB, WUE, and D. As a summer-active forage, alfalfa has a high ET rate and can extract soil water at a reasonably low soil water potential (below −1.5 MPa) (Li and Huang, 2008; Zhu et al., 2016) . Shen et al. (2009) reported a large variation in hay yield of alfalfa grown in areas with different rainfall in the China Loess Plateau ranging from 12 t ha −1 at Qingyang (averaged annual rainfall = 548 mm) to 0.5 t ha −1 at Dingxi (averaged annual rainfall = 346 mm). In our research, averaged AGB under T 2 (applying 700 mm irrigation) ( Table 1) was Fig. 6 . Relationship of aboveground biomass with carbon isotope discrimination in aboveground shoots under (a) 230 (T 1 ), 460 (T 2 ), and 700 mm irrigation (T 3 ) during the entire growth period. Coefficients were calculated based on three harvests in 2 yr under each water treatment (n = 60). Asterisks indicate significant effects (** P < 0.01). approximately equal to that reported at Qingyang, and far more than that at Dingxi (Shen et al., 2009) . Research conducted in North China suggested that supplemental irrigation had enhanced yield of alfalfa by 100 to 126% (Zhu et al., 2002; Yang et al., 2007) . A linear hay yield-ET relationship for alfalfa was reported in irrigated experiments (Grimes et al., 1992; Saeed and El-Nadi, 1997) . Shan et al. (2008) reported that the hay yield of alfalfa grown under a semihumid region (annual rainfall = 580 mm) exceeded incredibly another leguminous forage Astragalus adsurgens Pall., whereas in a semiarid area (annual rainfall = 328 mm), the former grew poorly and yielded less than the latter. Therefore, the yield performance of alfalfa was closely related to water condition compared with other crops (Shan et al., 2008) . In our experiment, significant effects of water treatment and growth season on AGB were consistent with those reports mentioned above.
--------------------------------------‰ --------------------------------------
Differences in stomatal response to water limitation may cause differences in the effect of drought on WUE, the ratio of P n to G s . Mild water deficit may improve WUE due to stomatal closure, leading to a greater reduction in transpiration than P n (Erice et al., 2011) . In our experiment, the highest WUE occurred under T 2 in 2012 and under T 3 in 2013, which might be related to mild water stress, resulting in a reduction in G s and an increase in WUE. Although the same irrigation was applied to the corresponding treatments in the 2 yr, the obviously lower rainfall in 2013 (112.7 mm) than in 2012 (309.2 mm) (Fig. 2) remarkably decreased soil water content under the corresponding treatment. In fact, the soil water content under T 3 in 2013 was approximately equal to that under T 2 in 2012, imposing mild water deficit on the genotypes. According to Shan et al. (2006) , the largest crop WUE occurs at 76.2% of the maximal yield, which can Table 5 . Relationship among aboveground biomass (AGB), water use efficiency (WUE), carbon isotope discrimination of aboveground stems (D AGS ) and leaf water-soluble carbohydrates (D WSC ), evapotranspiration (ET), and photosynthetic parameters (stomatal conductance [G s ], net photosynthetic rate [P n ], ratio of internal leaf CO 2 concentration to ambient CO 2 concentration [C i /C a ], and P n /G s ) and stem/leaf ratio (R S/L ). Coefficients were calculated based on three harvests in 2 yr under each water treatment (n = 60). be explained by the mechanisms of "plant compensatory growth" and the optimization of stomatal regulation. In the present study, AGBs under T 2 in 2012 and T 3 in 2013 amounted to ?70% of the best yield in Northwest China. Thus, the highest WUE occurring under T 2 in 2012 and T 3 in 2013 is understandable and in agreement with the theories described above. In this study, water treatment exerted significant influence on D AGS and D WSC, whereas the highest D values were noted during the second harvest (Table 3 , Fig. 5 ), which was highly consistent with the precipitation pattern and dynamics of soil water content (Fig. 2  and 4) , suggesting that the low D values were related to a decrease in soil water availability due to less water input. According to previous literature (Farquhar et al., 1989; Morgan et al., 1993; Araus et al., 1998; Xu et al., 2007) , water stress leads to a decrease in G s , which decreases C i / C a and thus D. Positive correlations between D and water status parameters have been repeatedly reported in wheat (Fischer, 1998; Merah et al., 2001b; Monneveux et al., 2005; Zhu et al., 2008b) and alfalfa (Pozo et al., 2017) , underlining the interest in the use of D as an indicator of water availability and as an environmental index under irrigated or rainfed conditions. Interestingly, lower values of D WSC than D AGS during the first and second harvests were found in the present study (Fig. 5) . Badeck et al. (2005) has reviewed a large number of studies and found remarkable differences between d 13 C of different plant organic matter or specific biochemical substances that cannot be totally explained by varying isotopic signature of assimilates produced at different times and have to be taken as an indication of post-photosynthetic discrimination. According to Badeck et al. (2005) and Gessler et al. (2008) , in addition to fractionation during photosynthetic CO 2 fixation, there is also isotopic fractionation associated with heterotrophic metabolism as respiration, C fixation via carboxylases, phloem and xylem transport, and root uptake of organic substances, following carboxylation in leaf tissues modifying the isotopic signature of organisms in different plant organs (Badeck et al., 2005) . On average, the whole plant tissue was reported to be depleted in 13 C relative to starch, sucrose pools, or water-soluble carbohydrates (Ocheltree and Marshall 2004; Badeck et al., 2005) . In addition, an apparent respiratory fractionation on whole shoots and roots of alfalfa has been found (Klumpp et al., 2005) . Respiratory CO 2 of whole shoots was enriched by 1.06 to 5.64% relative to organic mass, accounting partly for lower d 13 C in shoots (Badeck et al., 2005) . In the present study, although the lower D WSC than D AGS could be partly explained by the effect of sampling time (with D WSC being sampled 15 d earlier than D AGS ) for the second harvest when soil water content increased slightly from June to August owing to increased rain events, lower D WSC than D AGS could not be totally attributed to soil water content during the first harvest when soil water content did not vary significantly or decreased during the sampling period of D WSC and D AGS , indicating the occurrence of postphotosynthetic fractionation. Lower values of D AGS than D WSC during the third harvest might be mainly explained by the effect of the soil water situation during the different growing periods on D in different plant organic matter. According to the analysis of published data of plant organ isotopic composition, roots and woody stems were isotopically heavier than leaves, whereas nonwoody stems showed isotopic signatures closer to those measured in leaves, suggesting that the observed differences are related to the degree of heterotrophy. Herbaceous stems are mostly green photosynthesizing organs and are metabolically closer to leaves than to roots or woody stems (Badeck et al., 2005) . As a pool of photosynthetic products, shoots containing assimilates produced under different water conditions would contribute to variation in D AGS . Because of fewer rain events occurring after August, especially in 2013 (Fig. 2) , soil water content decreased (Fig. 4) after the second harvest (cutting on 1 August), leading to lower D AGS during the third harvest, whereas D WSC sampled and analyzed at the beginning of flowering stage, ?15 d prior to cutting when the soil water condition was less stressed, exhibited a higher value than D AGS .
Relationship among Carbon Isotope Discrimination, Aboveground Biomass, and Water Use Efficiency and Implications for Breeding
In the present study, significant and positive correlations were recorded between D AGS and AGB under all the three water treatments, whereas no significant relationship between D WSC and AGB was found (Fig. 6 ). There were numerous reports regarding positive correlations between D and AGB in alfalfa (Ray et al., 1998) and between D and grain yield in wheat (Merah et al., 2001a; Condon et al., 2004; Monneveux et al., 2005; Xu et al., 2007; Zhu et al., 2008b Zhu et al., , 2009 Zhu et al., , 2010 . The variation in D is affected by two factors, G s and photosynthetic capacity, or a combination of both. Under stressed conditions, the variation in D is mainly driven by G s rather than by photosynthetic capacity (Condon et al., 1987; Morgan et al., 1993; Xu et al., 2007) . In our experiment, the low soil water contents (Fig. 4) ranging from 41.75 (T 1 ) to 46.20 (T 2 ) to 51.23% (T 3 ) of field capacity on average across 2 yr imposed water stress on alfalfa genotypes, leading to a large genotypic variation in G s . Under this circumstance, the high D values were mostly derived from high G s , which might be attributed to the distinct ability to capture water and keep their stomata more open, achieving greater photosynthesis and yield in field conditions (Richards, 2000; Araus et al., 2003; Moghaddam et al., 2013) . Strong association of D AGS with G s , P n , and PH in the present study confirms the theory above. These genotypes with greater photosynthesis during the period with less water stress would reserve more "high D" photosynthetic products in their stem. In our study, R S/L was positive related to AGB, suggesting the marked contribution of dry matter in stems to the AGB. According to the review of Badeck et al. (2005) , cellulose is more isotopically depleted than starch and sugars. Meanwhile, as the d 13 C of respired CO 2 was enriched in 13 C compared with the putative substrate in herbaceous stems (Ocheltree and Marshall, 2004; Badeck et al., 2005) , the release of heavy 13 C during respiration led to an isotopically lighter organic matter in stem. According to the analysis above, high D AGS -which might result from multiple effects such as more carbon stores in stems produced during the less stressed period, high respiration rates, and high values of R S/L with more content of cellulose (with high D value)-was related to high AGB. Thus, selection of high D may be an effective means of raising yield for wheat and rice (Oryza sativa L.) in irrigated conditions . By contrast, weak association was found between D WSC and AGB, indicating that TE in the short term would impose insignificant influence on AGB for a whole growth cycle.
In this study, WUE was found to be negatively and significantly correlated with D WSC under T 2 and T 3 and was not related to D AGS . The physiological basis underlying the association between D and WUE has been well established. As pointed out by the pioneer study, D is positively correlated with C i /C a and negatively associated with TE (Farquhar and Richards, 1984; Johnson and Basset, 1991) . However, the relationship between D and WUE is not uniform in varied environments. Significant and negative association between leaf D and WUE (calculated based on the total plant) has been reported in dryland environments ( Johnson and Tieszen, 1994) in alfalfa and in a water-controlled experiment in wheat (Zhu et al., 2008a) , whereas positive relationships between D and WUE have also been observed in three Mediterranean environments (Pozo et al., 2017) and under both irrigated and rainfed conditions in Austria in alfalfa (Moghaddam et al., 2013) . Apart from the environmental factor, determination of D in different plant parts might result in variation of relationship between D and WUE. Suitable analysis of D in certain plant parts that are assimilated in some key growth periods to WUE might be a good option for studying the relationship between D and WUE. Leaf water-soluble carbohydrates, which can be classified as nonstructural carbohydrates, are a recent photosynthetic product. As reported by Brugnoli et al. (1988) , D of leaf soluble carbohydrates correlated strongly (r = 0.93) with the ratio of intercellular CO 2 partial pressure to ambient CO 2 partial pressure, which has a negative correlation with TE. According to Fan et al. (2003) , alfalfa can consume much more water during the flowering stage (>60% of total annual ET), suggesting the relevance of TE at flowering stage to WUE during the entire growth period. In our experiment, the negative relationship between D WSC (measured at the beginning of the flowering stage) and WUE under T 2 and T 3 indicated that analysis of D WSC at the flowering stage would be useful in identifying or selecting alfalfa genotypes for high integrated WUE. The effect of enhanced TE during the flowering stage on the entire WUE would be enlarged with an increase in the AGB and ratio of transpiration to ET. This is especially true for T 2 and T 3 , under which higher water input resulted in higher AGB and a stronger association between ET and AGB (Table 5 ). Considering the negative correlation between D WSC and P n /G s (Table 5 ), higher TE associated with low D WSC and high P n /G s at the flowering stage, when the AGB approached the peak and transpiration accounted for a large proportion in the total ET, would be more likely to scale up to higher integrated WUE. In fact, such genotypes with higher WUE as Ningmu No. 1 and Polato under T 2 or T 3 were endowed by relatively low values of D WSC , whereas the high-D WSC genotypes, God Empress and Ningmu No. 2, displayed lower WUE under T 2 and T 3 , respectively. By contrast, the weaker association between D WSC and WUE under T 1 could be explained by the low contribution of individual TE to the integrated group WUE in the case of lower AGB and lower ratio of transpiration to ET.
In this present work, D AGS did not correlate with WUE, indicating that the TE in a long term growth period was poorly related to WUE. This may be explained by the contradictory effects of TE in different growth periods on the integrated WUE. On the one hand, considering the negative association between D WSC and WUE, as mentioned above, it is an advantageous characteristic for those genotypes with high TE (low D) during the flowering stage. On the other hand, the high-D genotypes are often characterized by "early vigor," reflecting the ability of these genotypes to grow and cover ground quickly during the early period (positive association between D AGS and PH, as shown in Table 5 ), which prevents water evaporation in favor of WUE Richards et al., 2002) .Thus, the advantageous aspect of high TE for low-D genotypes during the later period could be offset by their slow growth rate during the early period, which might account for the weak association between D AGS and WUE.
CONCLUSION
In the results of the present study based on 2-yr experiments, soil water conditions had significant effects on the tested traits. The values of AGB, D AGS , and D WSC increased when water input increased, whereas the highest WUE occurred when alfalfa grew under intermediate water stress.
Significant and positive correlations were found between D AGS and AGB under all the three water treatments, indicating that the high-D alfalfa genotypes could have the advantages of "early vigor," decreased ground evaporation, a distinct ability to capture water, and more open stomata, subsequently achieving higher photosynthesis and yield in irrigated fields, whereas the negative association between WUE and D WSC at the flowering stage emphasizes the importance of enhanced TE during the later growth period to the integrated WUE.
In the light of the findings in the present work, a high D value of aboveground shoots is associated with high AGB, whereas a low D value of leaf water-soluble carbohydrates at the flowering stage characterizes alfalfa genotypes with high WUE in the Ningxia central steppe when applying 230 to 700 mm of irrigation per year.
